body without being stored, similarly to the metabolism of carbohydrates 14 . However, the main drawback of mediumchain triglycerides MCT lies in its lack of essential fatty acids, which can lead to the accumulation of ketone body in the digestive system, thereby causing adverse reactions, such as nausea, upset stomach and diarrhea, and in some cases, food poisoning 15 . In efforts to overcome such problems, MCT from coconut oil was modified with long-chain polyunsaturated fatty acids from fish oil by oil modification at the sn-2 position, from which EPA and DHA were synthesized. This not only can avoid the adverse reactions of coconut oil by providing essential fatty acid, but also can increase the absorption of EPA, DHA, and other long-chain triglycerides. Moreover, the modified coconut oil has low calorie and can be easily digested and absorbed. It also can quickly generate energy and reduce accumulation of body fat 16 .
A previous study have demonstrated that polarity and chemical structure of oil phase play an important role in self-assembly of oryzanol and sterol molecules in organogel systems 13 . In this work, modified coconut oil was innovatively used as the raw material to combine with oryzanol and sterol to prepare organogels. The effects of different modified coconut oil contents and ratios of gelators on the texture, thermodynamic properties, rheological properties, and microstructure of organogels were studied. The relationship between the microstructure and the physical properties was also investigated. This work can provide not only the theoretical basis for the characterization and changes of modified coconut oil-based organogels, but also the theoretical guidance for future development of new kinds of shortening; it may also broaden the application of coconut oil.
Materials and Methods

Materials
Coconut oil was provided by Dabai Health Co. Ltd. Haikou, China , and fish oil was purchased from a local market in HaiKou city, China. Structured coconut oil was self-prepared in our laboratory. γ-oryzanol and β-sitosterol were purchased from Biotechnology Co. Ltd. Shanghai, China . Lipozyme RM IM was purchased from Novozymes China Biotechnology Co. Ltd. Tianjin, China . NH 2 extraction cartridge 500 mg, 6 mL was purchased from Shanghai Anpu Experimental Technology Co. Ltd. Shanghai, China . Ethanol, anhydrous sodium sulfate, tris hydroxymethyl methyl aminomethane, sodium cholate, calcium chloride, hydrochloric acid, ether, n-hexane, ethyl acetate, dichloromethane, and methanol all were of analytical grade were purchased from Guangzhou Xilong Chemical Co. Guangzhou, China .
Preparation of structured lipid
Certain amounts of coconut oil and fish oil mass ratio 1:1 were added into a 50-mL tapered bottle, and Lipozyme RM IM 10 of oil mass was then added. The mixture was thoroughly mixed and then rotated in an air-bath thermostat at 70 for 8 h. Subsequently, the mixture of oil was filtered to remove lipase from the reaction, and an appropriate amount of n-hexane was added thereafter. After free fatty acids were removed using 0.5 mol/L KOH dissolved in ethanol , the mixture was washed and then dried, and the final product was obtained 17 .
2.3 Separation of enzymatic hydrolysis products from different oils using NH 2 extraction cartridge Twenty milligrams of structured oil, 20 mg of sn-1,3-specific lipase, and 2 mL of buffer solution 1 mol/L tris hydroxymethyl methyl aminomethane were mixed in a 10-mL centrifuge tube. After that, 0.5 mL of sodium cholate solution 1 g/L and 0.2 mL of calcium chloride solution 220 g/L were added. The tube was immediately swirled in a 40 water bath for 5 min. Following 1 mL of hydrochloric acid 6 mol/L and 1 mL of ether were added, the sample was centrifuged and then dried. After NH 2 extraction cartridge was activated with n-hexane, it was washed four times with 8 mL of washing solution containing n-hexane:ethyl acetate 85:15 v/v . Subsequently, the column was eluted three times with 6 mL of eluent dichloromethane:methanol, 2:1 v/v , and sn-2 monoglyceride component was obtained 18 . The analysis of fatty acids in the modified coconut oil was carried out according to the method described in the literature 19 .
Preparation of organogel
Pre-experiment data showed that gel was not formed at γ-oryzanol:β-sitosterol ratios of 0:10, 1:9, 9:1, and 10:0. Additionally, when the content of gelators was less than 7 , there was the overflowing of liquid oil, or the gel could not be formed. Based on these data, 16 gelators containing different γ-oryzanol:β-sitosterol mass ratios 2:8, 4:6, 6:4, and 8:2 were dissolved in modified coconut oil. After the mixtures were heated at 80 for 40 min, they were placed in a 5 refrigerator overnight and were subsequently incubated in a 25 incubator for 7 days. γ-oryzanol and β-sitosterol the gelators at a ratio of 6:4 which resulted in oleogel with the best physical properties, were dissolved in different concentrations of gelators 8 , 12 , 16 , and 20 . The latter organogels were also prepared by the same method described above.
Hardness analysis of organogel
Melted organogel samples 80 was placed in a 60-mL aluminum box, which was then incubated in a 5 refrigerator overnight, followed by a 25 incubator for 7 days. The hardness of organogel was determined using a texture analyzer TA/TX Plus, Stable Micro Systems Crop., England . The values of probe P5 were set as follows: 2 mm/s before test; 1 mm/s during test; 2 mm/s after test; and 12.00 mm after the force reached 0.049 N. A mean value for each sample was calculated from three repeated measurements.
Determination of solid fat content in organogel
The solid fat content SFC was determined using an impulse-type nuclear magnetic resonance NMR; MQC-23, Oxford Crop., England . The samples were added into special tubes and then melted at 80 for 30 min to eliminate crystallines. Prior to measurement, the samples were incubated at 25 for 90 min.
Determination of oil binding capacity of organogel
Melted organogel was weighed in a centrifuge tube weight of centrifuge tube a; weight of centrifuge tube organogel b and then incubated in a 5 refrigerator overnight, followed by a 25 incubator for 7 days. Subsequently, the samples were centrifuged at 10000 rpm for 15 min using a GL-20G centrifuge machine Anting Scientific Instrument Factory, Shanghai, China . After that, the samples were inverted for 15 min to remove free liquid oil, and then weighed to obtain weight c. The oil binding capacity OBC was calculated by eq. 1 .
OBC
c-a / b-a 100 1
Thermodynamic analysis
Thermodynamic analysis was carried out on a Pyris6 differential scanning calorimeter DSC; Perkin Elmer Co. Ltd., Massachusetts, USA under nitrogen atmosphere. Prior to the measurement, the equipment was calibrated with indium melting point 156.76 , and the organogel 6-10 mg was sealed in an aluminum plate. To construct the endothermic curve, the temperature was increased from 20 to 90 at a rate of 10 /min; each sample was subjected to repeated analysis. The obtained results were analyzed by TA Universal Analysis software.
Determination of rheological property
The rheological properties of organogels were analyzed using a Physica MCR301 rheometer Anton Paar Corp., Austria . The distance between plate and cone plate diameter, 40 mm; angle, 1 was set at 0.050 mm. The apparent viscosity was determined based on shear rate curve obtained at a constant shear strain with varying shear rate from 0.001 to 100 s 1 . The linear viscoelastic zone was determined at a fixed frequency of 1 Hz with varying strain scanning range from 0.01 to 10 . In addition, the frequency sweep was determined at a constant strain with varying frequency 0.1 -10 Hz . The sample s energy storage modulus G and loss modulus G were obtained from the measured frequency sweep.
Crystal morphology analysis
Melted organogel samples about 20 µL were dropped onto a slide, which was then incubated in a 5 refrigerator overnight, followed by a 25 incubator for 7 days. The morphologies and changes of three-dimensional network of crystalline polymers in organogel were observed under a NIKON E600 polarized light microscope at a magnification of 200x Nikon Corporation, Japan .
Statistical analysis
All measurements were repeated three times. Statistical analysis was conducted using DPS version 15.10 and SPSS version 16.0 Chicago, Illinois, USA . The results were expressed as mean standard deviation SD . The datasets were subjected to analysis of variance, and the significant differences between the mean values were determined by Duncan s multiple range test the difference with p 0.05 was considered significantly different .
Results and Discussion
Analysis of fatty acids composition
The hydrolyzed products are traditionally separated by TLC thin layer chromatography , which is a complex method that can cause low product recovery rate. In this study, sn-2 fatty acids in oil were determined by gas chromatography in conjunction with NH 2 extraction cartridge. This method has several advantages, including simple operation, low loss of target analyte, high enrichment factor, and low environmental pollution. As shown in Table 1 , the total fatty acid compositions in the samples before and after trans-esterification reaction are not significantly different 20 the mixture before trans-esterification is denoted as physical mixing sample . The total amount of DHA in samples after the reaction was different from that before the reaction; however, such difference was relatively small compared with the difference between samples containing DHA at sn-2 or sn-1,3 position. Additionally, during the trans-esterification reaction, fatty acids of triacylglycerol appeared to be interconverted between the intramolecular and intermolecular chains. This indicates that the total fatty acids composition was unchanged. However, redistribution of fatty acids in the network of triacylglycerol carbon chain due to trans-esterification reaction can cause significant changes in the composition of fatty acids at different positions of ester exchange products. After ester exchange reaction, the content of saturated fatty acid at the sn-2 position of the structural lipid was decreased, while that of unsaturated fatty acid was increased to 66.62 , indicating that the coconut oil was significantly modified. Thus, the trans-esterification reaction of structured lipid has a unique nutritional advantage, providing good application prospect in the edible field 21 , whereas the modified coconut oil can be a good raw material for preparing plastic fat.
Physical properties of organogels
As shown in Table 2 , with 16 gelators, the organogel containing γ-oryzanol: β-sitosterol mass ratio 6:4 had the highest hardness, which may be due to the synergistic effect of the two gelators. The γ-oryzanol and β-sitosterol can be combined to form a nanotubular structure through intermolecular forces such as hydrogen bonds . Such structure can further form a 3D network that can fix the liquid oil through collision, adhesion, and crosslinking 22 .
Furthermore, the SFC of oleogel reached the maximum value of 6.20 at the γ-oryzanol:β-sitosterol mass ratio of 6:4. Table 3 further shows that, with γ-oryzanol:β-sitosterol at mass ratio 6:4 , the structured lipid organogel containing 8 gelators had the lowest hardness. The hardness of organogels increased with increasing amount of gelators, due to the microstructure and intermolecular forces. Additionally, the intermolecular forces during the formation of gel network increased with increasing amount of gelators. This can cause the network structure formed by β-sitosterol and γ-oryzanol to be more compact, thereby strengthening the solidity of liquid oil and increasing its hardness. This is in agreement with the OBC data. However, the OBC only increased from 99.09 to 99.64 when the amount of gelators was increased from 16 to 20 , respectively; this suggests that the self-assembled building blocks of gelators may have reached its saturation point.
Solid fat content is an indicator determining the density of crystal and its other properties, such as texture, thermodynamic and rheological properties 23 . Gelators are the solidifying components, while triglycerides are not, the SFC can therefore be used as an indicator for determining the content of gelators that has been solidified. The SFC of organogel increased with increasing content of gelators, reaching a maximum value of 7.48 at the gel content of 20 . Although the SFC of organogel obtained in this work is lower than the reported SFC 30 of shortening determined at 20 24 , its hardness and OBC reached the levels Note: SFC is solid fat content, and OBC is oil binding capacity. Table 3 Hardness, solid fat content SFC , and oil binding c a p a c i t y O B C o f o r g a n o g e l s c o n t a i n i n g γ-oryzanol: β-sitosterol at a mass ratio of 6:4 with different gelator concentration. 
Modified Coconut Oil Organogel
that is sufficient for a gel to form 25 . This suggests that organogel can also be formed at low SFC, which can be considered as an advantage of solidification mechanism of supramolecular oleogel.
Thermal analysis of organogels
As shown in Table 4 , each organogel had a unique melting curve within the tested temperature range. Furthermore, their melting characteristics were closely linked to the amounts and ratios of γ-oryzanol and β-sitosterol.
The maximum values of Tm, Pm, and ΔHm of organogel containing γ-oryzanol:β-sitosterol 6:4 were 70.57 , 68.83 , and 2.88 J/g, respectively. With higher ΔHm, the crystalline mass of sample containing γ-oryzanol:β-sitosterol 6:4 was larger, thus the content of structured liquid oil was higher. The values of Tm, Pm, and ΔHm increased with increasing content of gelators containing γ-oryzanol:β-sitosterol mass ratio 6:4 . As illustrated in Table 5 , the samples containing gel content of 20 had the maximum Tm, Pm, and ΔHm values of 77.29 , 71.18 , and 3.61J/g, respectively. This indicates that the crystal of gelators in the system is more evenly arranged.
Rheological properties of organogels
Gels that are thick or viscous under static conditions can become thin and less viscous upon shaking, agitating, or being subjected to shear or stress time-dependent viscosity 7 . According to Figs. 1 and 2 , the content and composition of gelators had significant effects on the apparent viscosity of the organogel. The apparent viscosity of organogel reduced with increasing shear rate, indicating that the organogel exhibits the characteristic of pseudoplastic fluid. The pseudoplastic fluid generally conforms to the power law equation shown in eq. 2 .
η Kγ
The logarithmic form of eq. 2 can be expressed as follows: Note: Tm is initial melting temperature, Pm is the peak temperature, and ΔHm is the enthalpy value. Fig. 1 Changes of apparent viscosity of organogels from gelator concentration 16 containing different γ-oryzanol: β-sitosterol ratios with shear rates ranging from 0.001 to 100 s 1 . Fig. 2 Changes of apparent viscosity of organogels from γ-oryzanol: β-sitosterol at a mass ratio of 6: 4 containing different concentrations of gelator with shear rates ranging from 0.001 to 100 s 1 .
Where η is the apparent viscosity, γ is the shear rate, and K is the consistency coefficient. To further study the relationship between the flow behavior and the content of gelators, the apparent viscosity curve which indicates the flow behavior of organogel was fitted with the power law equation, and the results are tabulated in Table 6 .
The consistency coefficient, K is the empirical constant relating to flow or viscosity index: higher K indicates that the liquid is more viscous. The n value is a measure of the degree of pseudoplasticity: the more the n value is deviated from 1, the thinner the shear is and the greater the degree of pseudoplasticity 26 . As shown in Table 6 , K increased with increasing gelator content, and K was highest at γ-oryzanol:β-sitosterol ratio of 6:4. Accordingly, we may conclude that with the increase of gelator content, more crystals are formed and cross-linked, thereby providing stronger interactions between crystals and oil, resulting in a more compact structure that lead to higher viscosity. This was further confirmed by strain and frequency scanning experiments.
To study the changes of relative modulus with shear frequency in the linear viscoelastic region, the linear viscoelastic region of the organogels were first determined. The degree of brittleness can be reflected by the critical strain value i.e., the size of the linear viscoelastic region : the elasticity of the gel decreases as the applied stress increases. The smaller the critical strain value and the range of linear viscoelastic region, the greater the brittleness and the lower the stability of oleogel.
As illustrated in Fig. 3 , when the applied stress is increased, the elasticity of the gel, which can reflect its structural network, is decreased. The linear viscoelastic region of organogel containing γ-oryzanol:β-sitosterol 6:4 was significantly larger than that of other organogels. The size of linear viscoelastic region of organogel containing γ-oryzanol:β-sitosterol with mass ratios of 4:6 or 8:2 was reduced indicating that its degree of brittleness was increased. With increasing shear strain, the G of organogel containing γ-oryzanol:β-sitosterol with a mass ratio of 2:8 was sharply declined suggesting that this organogel has the highest degree of brittleness. The intersection between G and G is an important parameter that can indicate structural damage in sample under shear. Such intersection was firstly observed in organogel containing γ-oryzanol:β-sitosterol with a mass ratio of 2:8, thus indicating that this organogel is more inclined to structural damage under shear. Subsequently that of organogel containing γ-oryzanol: β-sitosterol with a mass ratio of 8:2, 4:6 or 6:4 appeared at a shear strain of 0.7 , 1.0 , 1.1 . This is consistent with the topology of organogels observed under a microscope 27 .
According to Fig. 4 , with γ-oryzanol:β-sitosterol at a mass ratio of 6:4, the linear viscoelastic zone of the sample containing 8 gelator was lowest, whereas that of the sample containing 20 gelator was highest. With increasing applied stress, oleogel containing 20 gelator could easily form transient bonding zone 10 , which causes the linear viscoelastic zone to become wider. Due to its good plasticity, which is good for its practical application, it is theoretically possible that oleogel may replace the traditional plastic fat. At low strain, the storage modulus G was greater than the loss modulus G , indicating that the sample showed the gel behavior. With increased strain, the G became greater than G , indicating that non-covalent interactions between the oil and the gelators may be diminished, thereby causing the crystallines of the gel to disintegrate, Table 6 Consistency coefficient and power law index of organogel viscosity. destructing the crystal structure and 3D network of the organogels. The intersection between G and G of organogel containing 8 gelator was observed at a shear strain of 0.3 , whereas that of organogel containing 12 or 16 gelator appeared at a shear strain of 1.0 . By contrast, such intersection was not observed in organogel containing 20 gelator, indicating that it has the gel behavior. Additionally, its G was higher than G when the shear strain was 1.2 .
The strength of structure formed by β-sitosterol and γ-oryzanol is determined by G and is highly dependent on the internal structure and topology of the crystals, which are mainly linked to the numbers of crystallization units and the degree of crosslinking between them, as well as their numbers in the combination zone 28, 29 . High gel strength can also be caused by interactions between gelators that lead to better network 30 . According to Fig. 5 , the organogel containing a γ-oryzanol: β-sitosterol ratio of 6:4 had the highest G and its crystal morphology Fig. 8 showed that it contained the highest number of closely packed internal crystals. As shown in Fig. 6 , the G of organogel containing 20 gelator reached its maximum value. Similar observations have been reported by Patel 31 ;
they reported that the strength of 5 wt gel was lower than that of 10 wt gel. The comparison of the changes of G and G with frequency Figs. 5 and 6 showed that G was higher than G , indicating that the gels have uniform structures. In addition, G was slightly increased with increasing scanned frequency, indicating that the internal network of organogels is composed of non-covalent interactions that are similar to those found in protein gels 32 .
Analysis of organogel microstructure
Formation of a three-dimensional network structure is the basis for the viscoelastic behavior of oleogels. Therefore, to understand in details why the macroscopic properties of the gels, such as rheological behavior as analyzed previously , are different, the morphology of the crystalline aggregates and the three-dimensional crystalline network structure of oleogel were observed under a polarized light microscope. As illustrated in Figs. 7 and 8, different compositions and contents of gels had significant effects on their morphology. It appears that self-assembly is the basic building blocks that constitute the three-dimensional network structure of oleogel. The black spot in the polarized image represents liquid oil, which is isotropic under polarized light, and the bright spot represents the crystals formed by the gel. As illustrated in Fig. 8 , the crystals of organogel contain- Fig. 4 The critical strain value of organogels from γ-oryzanol: β-sitosterol at a mass ratio of 6: 4 containing different gelator concentrations. ing γ-oryzanol:β-sitosterol ratio of 2:8 had needle and rod morphology. Such acicular structure can help form stable crystal network, thereby can retain more liquid oil 33 . At higher ratio of γ-oryzanol, the crystals were intertwined and clustered, and the proportion of the transient binding zone of the crystal structural unit was increased greatly. Additionally, a dense three-dimensional supramolecular network structure formed by self-assembly had a rose-like morphology.
As shown in Fig. 7 , the crystals of organogel containing 8 gelator were scattered with loosely packed gel network structure. With increasing gel content, the crystal numbers were increased and the morphology appeared to be more compact and clustered. Moreover, the crystals had higher surface area to volume ratio, greater surface tension, and more stable network structure, thus could better prevent the liquid oil from escaping, and in turn increase the hardness and elasticity.
Conclusion
In this study, modified coconut oil rich in long-chain polyunsaturated fatty acid EPA, DHA at the sn-2 position was used as a raw material to combine with oryzanol and sterol in the preparation of organogels these organogels have low-calorie and high content of unsaturated fatty acids, and have no trans fatty acids . The effects of different contents of gels and ratios of β-sitosterol and γ-oryzanol on the properties of organogels were studied. In complementary to an earlier study by Sawalha, H. 13 , in which the influence of the polarity of oil on oleogel was investigated, the present study investigated the effects of proportion and content of gelators on oleogel. The results illustrated that increasing the concentration of gelators increased the hardness, solid fat content and oil binding capacity of organogels. The texture and properties of organogel containing γ-oryzanol:β-sitosterol at 6:4 ratio were best among all organogels. Its crystalline structure was more compact with high melting temperature and enthalpy change; it also contained high solid fat content. The analysis of rheological properties and structures of organogels indicated that they had the properties of pseudoplastic fluid, thereby conform to the power law equation. G of organogel was significantly higher than G , suggesting that the gel structure was formed through non-covalent cross-linking, and thus had perfect workability and plasticity. Lastly, the analysis of crystal morphology showed that self-assembly of β-sitosterol and γ-oryzanol constitutes three-dimensional network structure of the gel. Changes of gelator composition led to changes in crystal morphology -the crystals became more complete, and in some cases, have a rose-like shape. With increasing gelator content, the number of crystals increased, thereby better restricting the flow of liquid oil. As a result, hardness and elasticity of the gel were increased.
